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Abstract
Motion transparency provides a challenging test case for our understanding of how visual motion, and other attributes, are
computed and represented in the brain. However, previous studies of visual transparency have used subjective criteria which do not
conﬁrm the existence of independent representations of the superimposed motions. We have developed measures of performance in
motion transparency that require observers to extract information about two motions jointly, and therefore test the information that
is simultaneously represented for each motion.
Observers judged whether two motions were at 90 to one another; the base direction was randomized so that neither motion
taken alone was informative. The precision of performance was determined by the standard deviations (S.D.s) of probit functions
ﬁtted to the data. Observers also made judgments of orthogonal directions between a single motion stream and a line, for one of two
transparent motions against a line and for two spatially segregated motions. The data show that direction judgments with trans-
parency can be made with comparable accuracy to segregated (non-transparent) conditions, supporting the idea that transparency
involves the equivalent representation of two global motions in the same region.
The precision of this joint direction judgment is, however, 2–3 times poorer than that for a single motion stream. The precision in
directional judgment for a single stream is reduced only by a factor of about 1.5 by superimposing a second stream. The major eﬀect
in performance, therefore, appears to be associated with the need to compute and compare two global representations of motion,
rather than with interference between the dot streams per se.
Experiment 2 tested the transparency of motions separated by a range of angles from 5 to 180 by requiring subjects to set a line
matching the perceived direction of each motion. The S.D.s of these settings demonstrated that directions of transparent motions
were represented independently for separations over 20.
Increasing dot speeds from 1 to 10 deg/s improved directional performance but had no eﬀect on transparency perception.
Transparency was also unaﬀected by variations of density between 0.1 and 19 dots/deg2  2002 Published by Elsevier Science Ltd.
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1. Introduction
In the everyday visual world and in a number of
laboratory demonstrations, it is possible to see two
motions superimposed on each other as giving an eﬀect
of transparency (for example, drops of rain running
down a car window in a diﬀerent direction to the
background scene, or a cast shadow on a moving sur-
face). Motion transparency provides a challenging test
case for understanding how visual motion and other
attributes are computed and represented in the visual
areas of the brain. In particular, motion transparency
provides a considerable challenge to those theories of
visual motion that set as their goal the computation of a
velocity ﬁeld––the assignment of the correct velocity
vector to each location in the visual array (e.g. Hildreth,
1984; Yuille & Grzywacz, 1988). Taken at face value,
motion transparency implies that perceived velocity can
be two-valued at a single location in the visual ﬁeld.
It is believed that motion perception is mediated in
the brain by the activity within an array of direction-
selective neurons. Since there are neurons with many
diﬀerent preferred directions serving any location in the
visual ﬁeld, there is no diﬃculty in neurally representing
a multi-valued velocity ﬁeld. However, the question of
transparency bears directly on a general and important
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problem on the nature of neural representations,
namely, how does the array of activity across many
neurons relate to the value of the perceived sensory at-
tribute?
Current computational and neurobiological models
(e.g. Qian, Anderson, & Adelson, 1994b; Wilson & Kim,
1994) depend on multiple stages for visual motion
analysis, raising the question of whether the perception
of transparency and other motion conﬁgurations de-
pends only on the activity distribution at some ‘output’
level, or whether diﬀerences in the activity at earlier
stages may also be reﬂected in perception.
The phenomenon of motion transparency has often
been described, but the criteria for the occurrence of
transparency have rarely been at all rigorously deﬁned.
Some studies have required observers to judge stimuli as
transparent vs coherent (e.g. McOwan & Johnston,
1996; Qian, Anderson, & Adelson, 1994a), leaving much
scope for individual perceptual criteria. Others have
required a psychophysical judgment about only one of
two transparent motions (e.g. Hiris & Blake, 1996; Kim
& Wilson, 1996; Marshak & Sekuler, 1979). Such
judgments imply that one motion has been successfully
segmented. Segmentation is a necessary part of estab-
lishing transparency, but is not suﬃcient. Segmenta-
tion could lead to explicit representation of only one
of the motions, with the second treated as an unanaly-
sed background. True transparency implies that rep-
resentations of both motions are simultaneously
available.
1.1. Directional performance related to transparency
If information about two motions is simultaneously
represented by the visual system, then it should be
possible for an observer viewing a display of two su-
perimposed moving dot patterns to make a judgment
that depends on both the motions jointly. We have
tested observers’ ability to make such a judgment of
relative direction, that depends jointly on both motions
presented in a random-dot kinematogram (RDK).
Mulligan (1992) and De Bruyn and Orban (1993) have
previously oﬀered some evidence that observers can
make judgments that depend on simultaneous process-
ing of multiple motion streams. Mulligan required ob-
servers to make discriminations of the number of
transparent motions contained in a display. The ability
to discriminate two from three superimposed motions,
demonstrated by Mulligan’s subjects, suggests that at
least two motions are explicitly represented simulta-
neously. However, it is not easy to take this method
further in analysing the eﬀects of independent variables
on transparency. De Bruyn and Orban presented ob-
servers with transparent motion displays constructed
from superimposed patterns of optic ﬂow (e.g. radial
and rotational motions) and demonstrated that ob-
servers could identify either motion pattern after stim-
ulus presentation. However, the use of these global ﬂow
patterns makes it hard to investigate the basic properties
of how directional motions are represented.
Our experiments aim to establish a method for the
investigation of motion transparency which depends on
subjects’ ability to extract directional information from
each of two superimposed translational motions. In
Experiment 1, subjects judged whether the angle be-
tween the motions was greater or less than 90. Because
the base angle (bisector of the two directions) was ran-
domized around the 360 range, the direction of either
dot stream alone provides no information for this dis-
crimination. Successful performance must therefore de-
pend on joint processing of the two separate directions.
In evaluating ‘successful performance’, it is necessary to
know the precision 3 of judgments of a single direction
of motion in comparable display conditions. It is also
necessary to know how eﬀectively two directions can be
processed when they are spatially segregated, and so do
not have to be extracted by the visual system from a
transparent region. Conditions in Experiments 1A and
1B, respectively, were designed to provide data for these
two kinds of comparison with the case of transparency.
If true transparency is present, then it follows that
directional information should be available from both
motion streams. In the discussion, we shall consider the
converse question: how far does the ability to use this
information demonstrate the occurrence of transpar-
ency, independently of the observer’s subjective reports?
Given a measure of performance related to trans-
parency, it becomes possible to investigate the stimulus
conditions which may aﬀect the occurrence of motion
transparency. In Experiment 2 we extended our method
to dot streams separated by angles other than 90. In
Experiments 3 and 4 we examined the eﬀects of dot
speed and dot density on judgments of transparent
stimuli. Such data are necessary if we are to understand
the limits on the visual system’s ability to parse a dis-
tribution of activity across directional detectors into two
transparent motions.
2. Experiment 1A: orthogonal angle judgments
2.1. Methods
In each condition the observer’s task was to make a
forced-choice judgment of whether an angle in the dis-
3 In this paper, ‘precision’ is used to mean the consistency with
which observers make motion direction judgments. High precision
does not necessarily reﬂect high accuracy in representing the absolute
direction––the latter is aﬀected by consistent biases such as the motion
repulsion phenomenon, as described in the ‘Results’ sections.
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play was greater or less than 90. In Experiment 1A, the
angle to be judged could be one of three kinds:
motion vs motion: the angle between two superim-
posed streams of moving dots;
motion vs line: the angle between a motion stream and
a straight line superimposed across it––this assessed
the precision of judgments of a single motion direc-
tion under the conditions of these experiments;
line vs line: the angle between two straight lines––this
was included to assess the contribution of line orien-
tation judgments to the precision in the motion vs line
condition.
We did not wish to measure judgments that were
based on observers monitoring the extended trajectory
of a single dot in a stream. To control for this, we
compared two dot lifetime conditions:
continuous: each dot was randomly plotted on the ini-
tial frame and then displaced continuously during the
lifetime of the display;
limited: all dots were randomly replotted on every
10th frame.
Stimuli were presented in blocks of 100 trials of the
same condition (e.g. motion vs line, limited lifetime).
The angle for each trial was chosen by adaptive probit
estimation (APE), a method that dynamically updates
the set of stimuli being presented depending on the ob-
server’s previous responses (Watt & Andrews, 1981).
The stimulus values are selected to optimize the esti-
mation of the ‘point of subjective equality’ (PSE), in our
case the direction diﬀerence perceived as 90, and the
standard deviation (S.D.) of the probit curve, which
provides our measure of the precision of the judgment.
The angle between the dot motions and/or lines was
determined by APE but the absolute direction of the
bisector of this angle was randomized on each trial. 4
Four blocks of trials were presented for the motion vs
motion conditions and two blocks were presented for the
motion vs line conditions and line vs line condition.
2.2. Observers
Four observers participated in the experiment. All
observers had previous experience in psychophysical
experiments. Two of the observers were the authors and
the two others were naive to the speciﬁc purpose of the
experiment. All observers had normal or corrected to
normal vision.
2.3. Stimuli
Stimuli consisted of two streams each of approxi-
mately 245 randomly positioned dots, moving coher-
ently in diﬀerent directions (motion vs motion), or of one
stream of 245 dots and a stationary line (motion vs line),
or of two stationary lines (line vs line). The lines ex-
tended the complete radius of the screen on one side of
centre, and half the radius on the other sides, so that a
unique line setting (pointing towards the boundary)
corresponded to each direction around 360. Stimuli
were presented within a circular aperture of diameter
7.83. Dots and lines were plotted to 16-bit precision on
an X–Y CRT display (P31 green phosphor) under the
control of a high-performance vector point plotter
(Cambridge Research Systems D300) connected to a PC.
The display was presented in a dimly lit room. Dot and
static line luminance was 8 cd/m2; background lumi-
nance was 0.01 cd/m2, giving a stimulus contrast of 0.99.
Observers viewed the display binocularly from a dis-
tance of 0.6 m, resulting in a dot density of 5 dots/deg2
per dot stream. The eﬀective frame rate 5 was 100 Hz,
with each trial display lasting 40 frames (400 ms). Dot
displacements were calculated to correspond to a dot
speed of 5 deg/s. In the limited-lifetime condition, each
dot was plotted randomly on the ﬁrst, 10th, 20th and
30th frames and displaced to new positions during each
of the intervening frames (i.e. a dot lifetime of 10 frames
or 100 ms).
2.4. Procedure
After 2–5 practice blocks on the motion vs motion
conditions, the experiment proper began. The 14 blocks
(4 motion vs motion, 2 motion vs line and 1 line vs line,
each with continuous and limited-lifetime dots) were
presented in random order to each observer. Each 100-
trial block lasted 10–12 minutes and the data collection
took place over several days. A warning tone preceded
each trial and during presentation observers were told to
ﬁxate a bright stationary ﬁxation dot in the centre of the
screen, which remained visible throughout the stimulus
presentation. The observer pressed buttons to indicate
perceived angles greater or less than 90. If observers
felt unable to make a judgment a third button allowed
them to repeat the trial, although this was discouraged
and rarely used. At the end of a block the computer
4 This procedure means that the S.D. estimated from the probit
reﬂects any variance due to diﬀerences in absolute direction, as well as
the precision of the judgment for any particular directions. We
consider some evidence on this point in Experiment 2.
5 Unlike raster displays, vector point plotters do not have frames in
the conventional sense. Rather the display rapidly plots locations in a
continuous sequence. A value for the ‘frame duration’ can be deﬁned
by the time lapse between a dot being plotted in one position and
subsequently being updated to its next position. Similarly, the 16-bit
precision implies a ‘pixel spacing’ of a small fraction of an arcsec, but
this bears no relation to the physical resolution of the screen, which
produced dots about 0.2 mm (1 min arc) diameter.
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calculated the mean and S.D. of the ﬁtted probit. If the
data failed a goodness-of-ﬁt test (chi-square) between
the expected and observed distributions of data points
the block was repeated.
2.5. Results
Fig. 1 shows the group averages for the S.D. and the
mean (subjective 90) obtained from the probit analyses.
All four observers responded in a similar manner, as
reﬂected by the small error bars which represent 1
standard error (S.E.) between observers. Diﬀerences
between the continuous and limited-lifetime conditions
were small and inconsistent, so only the limited-lifetime
data will be considered in further discussions.
The means of the probit analyses for the line vs line
condition and motion vs line condition were close to
90, indicating that observers have a veridical sense of a
right angle across the randomized base angles in the
experiment. However, in the motion vs motion condi-
tion, the probit mean, i.e. apparent 90 diﬀerence, was
around 77. Thus the angle between transparent motion
directions appears greater than its true value, an eﬀect
which has been described as a ‘repulsion’ between the
directions of superimposed motions (Dakin & Mares-
chal, 2000; Hiris & Blake, 1996; Kim & Wilson, 1996;
Marshak & Sekuler, 1979). We have reported repulsion
eﬀects from these and other data elsewhere (Wishart &
Braddick, 1998). Signiﬁcant repulsion for directions
about 90 apart, as we ﬁnd, has been reported in some
studies (e.g. Dakin & Mareschal, 2000) but not others
(e.g. Hiris & Blake, 1996; Marshak & Sekuler, 1979); the
diﬀerence may reﬂect the limitations of the procedure in
the latter cases, which tested only for ﬁxed directions.
The main purpose of the experiment, however, was to
assess the precision of directional judgments as indicated
by the probit S.D. The motion vs line condition gives a
precision around 6; the 2 S.D. in line vs line implies
that uncertainty in judgment of line orientation con-
tributes little to this ﬁgure (see Section 3.6). The 13
value in the motion vs motion condition indicates that
the precision of directional information is poorer in the
case of transparent motions. However, it also shows that
a true, quantitative sense of direction can be derived
from each of the motion streams in a transparent dis-
play.
3. Experiment 1B: why are two motions judged less
accurately than one?
Why is directional information apparently degraded
in the transparent display? There are two possible sources
for this degradation: (i) interactions in the course of
processing of superimposed dot streams, in particular
local interactions between dots from the two streams;
(ii) penalties imposed by the need to extract and repre-
sent two global motion directions at the same time. The
conditions of Experiment 1B were designed to test sep-
arately for these two possible kinds of eﬀect.
3.1. Methods
The mean and precision of a judgment of 90 direc-
tional diﬀerence was determined by the same adaptive
probit method as in Experiment 1A. This judgment was
tested in three new conditions:
Bipartite segregated motions: two dot streams with
diﬀerent directions of motion were plotted in the two
halves of the circular display, with the orientation of the
dividing line randomized from trial to trial and unre-
lated to the motion directions. This and the following
condition were intended to test the precision of direc-
tional judgments when there was no interference due to
spatial superposition of the two streams, but any penalty
from representing two motions regardless of location
would still arise.
Annular segregated motions: two dot streams with
diﬀerent directions were plotted, one in the central cir-
cular region of the display (3 diameter) and the other in
the surrounding annulus. This was included as well as
the bipartite condition because it was not evident which
spatial conﬁguration (bipartite, in which both motions
are equidistant from the ﬁxation point, or annular, in
which both motions are centred in the centre of the
display) was more appropriate for comparison with the
co-extensive, centered motions of the transparent dis-
play.
Motion vs both line and motion. This was equivalent
to the motion vs motion condition with a line super-
imposed parallel to one of the motion directions (the
‘background’ motion). The observer’s task is to judge
Fig. 1. Experiment 1A. Observers’ performance in making judgments
of orthogonal angle between two superimposed random dot motions
(motion vs motion), a random dot motion and a straight line (motion vs
line) and two straight lines (line vs line). Solid bars¼ limited lifetime
dots; hatched bars¼ continuous dots. (a) S.D. of judgments from
adaptive probit estimation. (b) Mean angle judged orthogonal from
adaptive probit estimation. Error bars: S.E. of the mean across sub-
jects.
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whether the other motion direction is at 90 to the line.
Thus one motion stream has to be segmented from the
other, and any interactions between nearby dots from
the two streams may aﬀect its directional representation,
but representation of the ‘background’ motion stream is
not required as a basis for the judgment.
3.2. Observers
To allow direct comparison of the data with Experi-
ment 1A, the same four observers took part.
3.3. Stimuli
The stimulus parameters were the same as in Exper-
iment 1A. However because we kept the dot density per
stream constant (5 dots/deg2), the overall number of
dots in the display for the segregated conditions was half
that in the motion vs motion condition. The limited-
lifetime condition was slightly modiﬁed from Experi-
ment 1A in this and subsequent experiments; individual
dot lifetimes were still 10 frames (100 ms) but began and
ended asynchronously, to reduce the probability that a
cluster of dots would appear or disappear together. The
40 frames that constituted the stimulus were treated as if
they were a sample from a longer sequence; therefore
some dots could end their lifetimes in the ﬁrst frames of
the sequence.
3.4. Procedure
After several practice blocks on each condition the
experiment proper began. There were 12 blocks to
complete in total (3 conditions 2 lifetime conditions
2 presentations) which were presented in random order.
All other aspects of the procedure were the same as in
Experiment 1A.
3.5. Results
Fig. 2 shows the group averages for the S.D.s and
means of the probit analyses for the diﬀerent conditions.
As in Experiment 1A, there are no consistent diﬀerences
between limited- and continuous-lifetime dots, and the
introduction of asynchronous limited lifetimes therefore
does not appear to have aﬀected the results.
The probit means show that the repulsion eﬀect in the
annular condition was almost as strong (82 between
motion directions perceived as being 90) as in the
transparent case in Experiment 1A. A repulsion eﬀect
(of comparable magnitude for directions separated by
around 90) has also been reported for moving gratings
in an annular arrangement (Kim & Wilson, 1997). No
repulsion eﬀect was visible in our data from the bipartite
display. In the motion vs both condition, the repulsion
eﬀect (85 angle perceived as 90) was less than half as
great as in Experiment 1A.
The precision of directional judgments, measured in
terms of the probit S.D., was greatest in the motion vs
both condition. Results in the two spatially segregated
conditions were similar to each other.
Fig. 2 also shows data from Experiment 1A for direct
comparison. Joint directional judgments for two trans-
parent motion streams (motion vs motion) can be made
with comparable precision to those for two spatially
segregated motions, whether in an annular or a bipartite
arrangement. The precision of these joint direction
judgments is, however, 2–3 times poorer than that for a
single motion stream. Comparing the motion vs both
condition with motion vs line, it can be seen that pre-
cision in directional judgment for a single stream is re-
duced only by a factor of about 1.5 when a second
stream is superimposed.
3.6. Discussion
We have shown that human observers can make
precise directional judgments that depend on both mo-
tion streams in a motion transparency display when
directions are 90 apart. The precision of this judgment
is comparable with the precision of judging spatially
segregated motions. The idea that transparency involves
the equivalent representation of two global motions in
the same region is therefore supported by this perfor-
mance-based measure.
Although observers could make judgments with a
precision of around 13 in the presence of transparency,
this precision is somewhat reduced compared to the
Fig. 2. Experiment 1B. Observers’ performance in making judgments
of orthogonal angle. Solid bars show data for judged angle between
moving dots in central region and a surrounding annulus (annulus);
judged angle between moving dots in two halves of a bipartite ﬁeld
(bipartite); judged angle between moving dots and a straight line, with
a superimposed set of dots moving parallel to the line (motion vs both).
Hatched bars show the three conditions tested in Experiment 1A, for
comparison. All dots had limited lifetime. (a) S.D. of judgments from
adaptive probit estimation. (b) Mean angle judged orthogonal from
adaptive probit estimation. Error bars: S.E. of the mean across sub-
jects.
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judgment of a single motion relative to a line (around
5). In evaluating this comparison, we must take into
account the contributions of errors from the directional
representation of each component. The simplest as-
sumption is that these errors are independent. If so, then
given a S.D. of 2 in the line vs line condition, the S.D.





1.4. Similarly, the S.D. for judging one motion stream
versus a line, found to be 6, should be equal toﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃð2þ m2Þp , where m is the S.D. associated with the
single motion stream. This gives m ¼ 5:8 and the pre-





8.2. The actual S.D. in either transparency or segre-
gated conditions is about 60% greater than this value.
Thus there is a penalty associated with both these situ-
ations which does not simply result from the combina-
tion of independent errors.
However, only a small increase in error of judging a
single direction results from the superimposition of the
second dot stream (6 increased to 8 in the ‘motion vs
both’ display). We conclude that local interactions be-
tween the dot streams are not responsible for the penalty
observed for transparency, which appears rather to be
associated with the need to compute and compare two
global representations of motion, whether or not these
are spatially co-localized.
Our subjects in this experiment made a single judg-
ment which was subjectively of the unitary property of
‘orthogonality’. However we cannot exclude the possi-
bility that the penalty is associated with accessing seri-
ally the separate representations of the two directions.
We have shown that a measure of simultaneous
directional discrimination can demonstrate that the
perception of motion in transparency is genuinely multi-
valued. In Experiment 2, we use this approach to test the
range of non-orthogonal directions over which trans-
parent motions are separately represented in the visual
system.
4. Experiment 2: transparency of non-orthogonal motions
Experiment 1 relied on observers’ ability to compare
the angle between motion directions with some implicit
internal standard of a right angle. In Experiment 2 we
wished to test a range of angles between 0 and 180,
where an internal standard could not be relied on. We
therefore used a matching technique for angle judg-
ments: observers could adjust two lines to match the
transparent motion directions they perceived in the
stimuli. Like the 90 judgment in Experiment 1, this
judgment requires the observer to access the represen-
tation of direction for each of the transparent motions,




Three observers participated in the experiment. All
observers had previous experience in psychophysical
experiments. One of the observers was one of the au-
thors and the two others were naive to the purpose of
the experiment. All observers had normal or corrected-
to-normal vision.
4.2. Stimuli
The stimuli were identical to those used in Experi-
ment 1 but with the following diﬀerences. Because two
judgments had to be made after each presentation rather
than one, the duration of the stimuli was extended to 1 s
(100 frames). As there was no diﬀerence in Experiment 1
between the continuous and limited dot lifetimes all dots
had a limited lifetime of 10 frames or 0.1 s.
4.3. Design
The stimuli were assigned to three sets. In set 1
transparent motions with direction diﬀerences of 5.625,
45, 90 and 180 were presented in a random order. In
set 2 transparent motions 11.25, 22.5, 67.5 and 135
apart were presented. In the third set transparent mo-
tions diﬀering by 112.5, 157.5, 169 and 174 were
presented to observers. After each stimulus presentation
the task of the observer was to adjust two radial lines to
match the directions of motion in the transparency
display. In each set, each angle was presented 20 times
and each set was completed four times.
4.4. Procedure
After a practice block each observer was presented
with each set four times in a random order. Each stim-
ulus would appear for 1 s, followed by two radial lines
that appeared at random orientations. The observer
adjusted the orientation of each line by rotating a knob
that was interfaced to the host PC, and pressed a button
when he was happy with the setting. If the observer
wished, he could see the stimulus again by pressing an-
other button, although this was discouraged. One block
of 20 trials per angle took around 10 minutes. 12 blocks
were collected in total.
4.5. Results
Fig. 3 (a–c) shows the group mean data for the three
observers. Performance was derived from the angle be-
tween the settings of the two lines on each trial; the S.D.
of these angles for an observer is the measure plotted as
the solid line in Fig. 3a. Fig. 3b plots the observers’
perceived angular separation of the transparent mo-
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tions, and Fig. 3c replots these data as the magnitude of
motion repulsion. Each observer showed a similar pat-
tern of performance. Precision was highest (i.e. lowest
S.D.s) when the separation of the stimulus motions was
within 20 of 0 or 180, although the variation between
observers is highest in this range (except for 5). For
motions in the range 20–160, observers showed a con-
sistent level of precision between 12 and 15.
The precision of judgment for motions at 90
measured by this matching technique agrees well with
that from the forced-choice method of Experiment 1
(S.D.s¼ 11.4 and 12.9, respectively). Apart from the
case of angles close to 0 and 180, discussed below,
observers showed the best performance for this case of
transparent motions 90 apart.
As in Experiment 1, the data presented are combined
across the full range of absolute directions for a given
directional diﬀerence. However, there may be merid-
ional variations in direction discrimination (e.g. Gros,
Blake, & Hiris, 1998). Although these should not sys-
tematically bias the form of the functions plotted in Fig.
3, they could increase the S.D. over that obtained at a
constant direction. Since this experiment did not employ
an adaptive method, we can examine the data for 45
bands of absolute direction, albeit with a relatively small
number (typically 5–15) trials for each band at a given
directional diﬀerence. Such examination for the case of
90 diﬀerence showed no systematic diﬀerence between
the oblique vs cardinal axes, suggesting that in this case
at least meridional diﬀerences have not greatly contrib-
uted to the S.D. plotted in Fig. 3a.
4.6. Discussion
Although observers judged angles close to 0 with low
S.D.s, this does not appear to reﬂect high-precision
judgments based on the separation of two transparent
motions. In fact, observers reported that they did not
often perceive clear transparency in these conditions.
Rather, they tended to perceive an overall global mo-
tion, and set both the lines close to the perceived di-
rection of this global ﬂow, eﬀectively reporting an
angular separation close to zero. This is corroborated by
several aspects of their performance:
(i) Figs. 3b and c plot the results as perceived angular
separation and motion repulsion. For small angles a
negative repulsion is observed; in particular, for the 5.7
separation, the ‘negative repulsion’ is approximately
equal to the angle, indicating that the observers set the
two lines as superimposed. A low S.D. in these settings
does not necessarily reﬂect precision in the perception of
small angles.
(ii) Fig. 3a includes, as well as observers’ S.D. in the
judged angle, the S.D. of the settings of the individual
lines (since the display was randomly rotated from trial
to trial, the quantity plotted is the S.D. of the angle
between an individual line setting and the closer of the
two test directions). For most of the range, this measure
of precision of line settings is similar to that for the
judged angle between directions, or shows higher pre-
cision (lower S.D.). However, for angles below 22.5, the
S.D. of the angle settings decreases to much smaller
values than the S.D. of the individual line settings. In
other words, subjects may reliably set a ‘perceived angle’
Fig. 3. Experiment 2. Observers’ performance in making judgments of
angle between superimposed moving dot patterns, over the full range
of angles. (a) S.D. of judgments. Solid circles¼ S.D. of the angle be-
tween the two test lines; open circles¼S.D. of the setting of individual
test lines, relative to the relevant motion direction. (b) Mean setting of
the angle between test lines. (c) The amount of ‘motion repulsion’, i.e.
diﬀerence between the judged angle from (b), and the true angle be-
tween motion directions. Error bars: S.E. of the mean across subjects.
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(such as zero in the case of a perceived unitary global
ﬂow) but the precision with which the two individual
directions of motion are extracted is much less than this.
Thus the angle cannot be derived from the individual
perceived directions.
We conclude that performance for small angles does
not show the characteristics of transparency, in the sense
that distinct directions are computed for two global
motions, with the angle settings reﬂecting the relation-
ship between them. The separate representation of the
two directions only securely occurs when component
motions are separated by more than 25. The large in-
dividual variation at 22.5 suggests that at this separa-
tion, some subjects may be using a representation of
transparency while others are not.
In an arrangement of superimposed gratings, trans-
parency is only seen at much larger directional diﬀer-
ences of 80 or more, depending on conditions (Kim &
Wilson, 1993). However, such displays have a diﬀerent
alternative to transparency (coherent motion of a plaid
pattern) and models of the directional representation of
such displays include a non-Fourier component moving
in the pattern direction (Wilson & Kim, 1994) which is
not present in the same form in transparent RDKs.
Thus the determinants of transparency in the two situ-
ations will not simply depend on the common property
of two summed directional components, and it is not
surprising that transparency disappears at very diﬀerent
values in each case. On the other hand there are reports
of transparency in random-dot displays at separations
well under 20 (e.g. Hiris & Blake, 1996; Marshak &
Sekuler, 1979); the diﬀerence from our results may re-
ﬂect the greater ease of segregating dots with continuous
trajectories rather than limited lifetimes.
When the motions are separated by 180, they are
certainly seen as transparent. However, performance
shows some analogy to the small angle case: again the
precision of angle judgment is much higher than for the
rest of the range, but the variability of the individual line
settings is higher than that for the angle setting. This is
consistent with a strategy in which, if the motion axes
are categorized as parallel, the two lines are set as one
continuous straight line without an attempt to align
them separately with the two motions. The motions are
seen as transparent, since they are opposed, but the
precision of the setting does not speciﬁcally reﬂect this
transparency. The variability in the results between in-
dividuals for 174 may reﬂect these conditions being
treated as parallel on some occasions.
5. Experiment 3: eﬀect of speed
Experiment 1 tested a performance-based indicator
that demonstrated the availability of quantitative rep-
resentations of motion direction from two spatially su-
perimposed motions. With this tool, we can investigate
how this dual representation, associated with motion
transparency, is aﬀected by a range of stimulus vari-
ables.
The visual system is capable of accurate discrimina-
tions of speed (e.g. McKee, 1981; McKee, Silverman, &
Nakayama, 1986), and speed judgments can be made
within a transparent display (Bravo & Watamaniuk,
1995; Mulligan, 1996). However, how the visual system
encodes speed, and in particular the relation between
speed and direction encoding, remains poorly under-
stood. In Experiment 3 we examined whether variations
in the speed of one or both streams aﬀected the ability to
extract directional information from a transparent dis-
play. Since speed diﬀerences can produce a perception
of transparency for two dot streams moving in the
same direction, they might enhance the representation
of transparency for streams moving in diﬀerent direc-
tions.
5.1. Methods and procedure
The basic method, measuring mean and S.D. of
a probit function for the judgment of a 90 angle be-
tween superimposed dot streams, was identical to that
of Experiment 1A. Stimuli were similar to those in
Experiment 1A, apart from variation in dot speed and
the use of asynchronous dot lifetimes of 100 ms
throughout.
Four speed combinations were tested: both streams
moving at 1deg/s; both at 5 deg/s; both at 10 deg/s; and a
mixed condition with a 1 deg/s and a 10 deg/s stream
superimposed. Four blocks of 100 trials each were pre-
sented for each condition, in random order.
In addition, for comparison, judgments were made of
a single motion stream in the motion vs line conﬁgura-
tion, for each of the three speeds used. Two blocks were
tested for each speed, in random order.
5.2. Observers
Three observers participated. All had previous expe-
rience in psychophysical experiments; two including one
of the authors had participated in the previous experi-
ment. All had normal or corrected-to-normal vision.
5.3. Results
Fig. 4 shows the results as a function of speed. The
continuous lines in Fig. 4a show a clear improvement in
directional performance (measured by a decline in pro-
bit S.D.) as a function of increasing speed from 1 to 10
deg/s, both for the transparent case and for a single
stream. The bar on the right-hand side of Fig 4a shows
performance in the mixed condition (1 and 10 deg/s).
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Results in this mixed condition are comparable with
those for two streams of 1 deg/s, i.e. the speed yielding
the lower performance. Fig. 4b shows the mean data
from the probit analyses, which indicate that the degree
of direction repulsion between the two streams decreases
with increasing speed.
5.4. Discussion
Over the range of speeds tested, precision of direction
judgments in the motion vs line display improved (ap-
proximately linear decline in S.D. as a function of log
speed). This is a similar pattern to the results of De
Bruyn and Orban (1988), who tested discrimination of
direction from a ﬁxed horizontal standard. The motion
vs motion condition showed a similar trend, with S.D.
2–2.5 times higher than that for a single motion at each
speed. Over this speed range, therefore, it appears that
the representation of transparent motions is eﬀective,
with little or no variation in the penalty found in Ex-
periment 1 for the simultaneous judgment of two global
motions.
The S.D. values for motion vs line at 1 and 10 deg/s
can be used to generate a prediction of motion vs mo-
tion performance at each of these speeds and in the
mixed case, along the lines of the calculation described
in the discussion of Experiment 1. For the two uniform-
speed cases, this calculation shows a penalty of about
39% in the motion vs motion judgment. Applying this
factor to the prediction of the mixed case yields an S.D.
of 13.4. However, the actual result of 18 is markedly
poorer than this, and close to the value for 1 deg/s.
Performance with mixed speeds appears therefore to be
limited by the stream which would yield poorer perfor-
mance taken alone. There was no evidence that the
speed diﬀerence enhanced the separation of transparent
motions, although it is likely from Experiments 1 and 2
that directional performance in this experiment is at a
ceiling for dual global representations and is not limited
by transparency eﬀects.
The strength of direction repulsion decreased with
increasing speed. We are not aware of any model of
repulsion eﬀects which would predict this phenomenon.
It could be explained if the direction tuning of motion-
sensitive channels became sharper with speed, reducing
the eﬀective directional range of the interactions which
underlie the repulsion eﬀect.
The bar in Fig. 4b shows that in the mixed-speed
condition, the level of repulsion is not comparable with
the 1 vs 1 deg/s case, as might be expected from the
performance data. Instead the degree of repulsion is
intermediate between those for the two speeds tested.
6. Experiment 4: eﬀect of density
Increasing the density of a dot stream increases the
amount of motion information available to the observer
from that stream, provided that there is some indepen-
dence between the signals from diﬀerent dots and that
they are not so dense that the dots merge. On the other
hand, in a transparent display, increasing density de-
creases the average separation between dots of the two
streams. If local interactions between dots in two
streams interfere with the independent representation of
their velocities, then increasing density might diminish
eﬀective transparency. From the results of Experiment
1B, we have argued against the idea that local interac-
tions between dots from the two streams act to degrade
the directional information from each stream. We have
tested this issue further by examining whether the ex-
traction of directional information from transparent
motions is aﬀected by increasing dot density.
6.1. Methods and procedure
The basic method, measuring the mean and S.D. of a
probit function for the judgment of a 90 angle between
superimposed dot streams, was identical to that of Ex-
periments 1A and 3. Stimuli were similar to those in
Experiment 3, except that dot speed was constant at 5
deg/s, and the density of each stream could be 0.1, 1.3,
6.3, 12.7 or 19 dots/deg2. (The last value was the maxi-
mum that could be generated while maintaining the
other stimulus parameters.) Two blocks of 100 trials
each were presented for each density condition, in ran-
dom order.
In addition, for comparison, judgments were made of
a single motion stream in the motion vs line conﬁgura-
tion, for each of the densities used. Two blocks were
tested for each speed, in random order.
Fig. 4. Experiment 3. Observers’ performance in making judgments of
orthogonal angle, as a function of dot speed. Solid circles¼ judgments
of angle between two superimposed motions of random dot patterns
(MvM¼motion vs motion); open circles¼ judgments of angle between
random dot motion and a straight line (MvL¼motion vs line); hatched
bar¼ judgments of angle between two dot patterns moving at 1 and 10
deg/s, respectively. (a) S.D. of judgments from adaptive probit esti-
mation. (b) Mean angle judged orthogonal from adaptive probit esti-
mation. Error bars: S.E. of the mean across subjects.
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6.2. Observers
Two observers participated. Both had participated in
earlier experiments in the series; one was one of the
authors.
6.3. Results
Fig. 5a shows that observers’ performance remained
constant across the range of dot densities. Fig. 5b pre-
sents the means of the ﬁtted probits, which show a de-
cline in the repulsion eﬀect between the two streams with
increasing density up to 6 dots/deg2. Repulsion magni-
tude for the highest dot density is approximately half
that of the lowest dot density tested.
6.4. Discussion
The results of Experiment 4 show that varying dot
density had no eﬀect on observers’ performance in the
orthogonal judgment task. Over the range we have ex-
plored, local interactions between the two dot streams
do not appear to degrade directional performance as-
sociated with transparency. Qian et al. (1994a) report
that transparency is abolished when limited-lifetime dots
from both streams are locally paired within a separation
of about 0.25, and we have conﬁrmed that this ma-
nipulation abolishes dual directional representations by
the measure we have introduced in the present paper
(Braddick & Qian, 2000; Wishart & Braddick, 1997). At
some point, we would expect that further increases in
dot density would bring a signiﬁcant proportion of dots
within this range of dots from the other stream and
therefore begin to disrupt transparency.
Although the interaction between streams measured
by the precision of directional judgments remained
constant with dot density, it is interesting to note that
increasing dot density reduced the repulsion interaction
that is measured by directional bias (Fig. 5b). (Dakin &
Mareschal (2000) found strong eﬀects of relative density
on repulsion; a remark in their paper suggests that they
found no change with absolute density between 10 and
40 dots/deg2, which is consistent with our results.) The
decrease in repulsion over increasing (low) densities can
be considered as a parallel to the eﬀect of increasing
speed (Experiment 3); in both cases an increase in the
‘strength’ of the motion signal (in some sense) reduced
the repulsion eﬀect. This relationship between dot den-
sity and repulsion eﬀects is the opposite to what one
might expect if direction repulsion were driven by local
interactions between individual dot motions. It leads us
to conclude that repulsion eﬀects act, at least in part, at
a global-motion level.
7. Concluding discussion
The results of Experiment 1 indicate that the preci-
sion of directional judgments of transparent stimuli is
comparable with those for segregated (non-transparent)
stimuli. The idea that transparency involves the equiv-
alent representation of two global motions in the same
region is therefore supported by this performance-based
measure. The precision of this joint-direction judgment
is, however, 2–3 times poorer than that for a single
motion stream. The precision in directional judgment
for a single stream is reduced only by a factor of about
1.5 when a second stream is superimposed. The major
eﬀect in performance, therefore, appears to be associ-
ated with the need to compute and compare two global
representations of motion, rather than with interference
between the dot streams per se.
Experiment 2 showed that this level of performance is
maintained over a wide range of direction combinations
in the transparency display. Although we measured
apparently precise judgments for very small angular
separations, we have argued that these judgments do not
reﬂect independent representations of the two directions
and that true transparency only occurs for directional
separations of over 20.
Experiment 2 also showed that the highest level of
performance for transparent motions was for orthogo-
nal directions.
Experiments 3 and 4 showed that the performance-
based measure of transparency was not aﬀected by
changes in dot speed and density over a wide range.
While we found no eﬀect of speed or density on the
precision of observers’ judgments, increasing speed and
density both decreased the eﬀect of motion repulsion,
suggesting that this eﬀect depends on interactions be-
tween global rather than local interactions.
Fig. 5. Experiment 4. Observers’ performance in making judgments of
orthogonal angle, as a function of dot density. Solid circles¼ judg-
ments of angle between two superimposed motions of random dot
patterns (MvM¼motion vs motion); open circles¼ judgments of angle
between random dot motion and a straight line (MvL¼motion vs line).
(a) S.D. of judgments from adaptive probit estimation. (b) Mean angle
judged orthogonal from adaptive probit estimation. Error bars: S.E. of
the mean across subjects.
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7.1. Does performance demonstrate transparency?
We have presented evidence that, in displays of su-
perimposed moving dot streams, a quantitative repre-
sentation of both motions is simultaneously available
for directional judgments. However, dual representa-
tions do not necessarily prove the occurrence of trans-
parency, since they are also available in conditions
where there is no perceived transparency, e.g. the bi-
partite ﬁeld and annular display of Experiment 1B.
Given this, can directional judgments serve as a per-
formance-based measure of transparency, independent
of subjective report?
We did not ask for explicit, trial by trial, judgments of
subjective transparency. However, in the conditions of
Experiments 1A, 3 and 4, where they were presented
with two dot streams within the same aperture whose
directions diﬀered by about 90, subjects reported that
they saw the motions transparently superimposed and
this was the basis of their judgments. In our experiments
on locally paired motions (Braddick & Qian, 2000;
Wishart & Braddick, 1997) we found the precision of
joint directional judgments to collapse under the con-
ditions of close pairing which Qian et al. (1994a) found
to destroy subjective transparency.
Transparency is a subjective phenomenon, but the
perception of transparency––‘two motions in the same
region’––must be associated with certain conditions in
the underlying brain representation of motion, as well as
the subjective report. In summary, these are:
(A) Both motions are represented in a way that can
yield quantitative direction information.
(B) The visual inputs contributing to the two represen-
tations are spatially intermingled.
(C) The representations of direction that are used in
performance are derived from the display region
globally, rather than from individual dots or local
clusters of dots.
(D) The representations assign the motion to the global
region of the display, rather than to individual dots
or clusters of dots (it is possible to imagine a mo-
tion signal which was derived from the global aver-
aging of scattered dots of clusters, but which
remained localized to the positions of those dots/
clusters).
(A), (B), (C) and (D) together would, we believe,
capture all the informational attributes of subjective
transparency.
Our experiments have concentrated on demonstrating
(A). (B) is a property of the stimulus, present in all our
experiments except the bipartite and annular conditions
of Experiment 1B.
(C) is strongly indicated. The use of limited-lifetime
dots means that information from any one location
could only be integrated over 100 ms, so that any use of
information from a longer part of the display interval
necessarily required spatial integration. Admittedly we
have not excluded that our subjects’ judgments were
based on local information in both time and space.
However, there are strong reasons to believe that di-
rectional judgments in RDKs have a global basis: the
performance seen in accurate directional judgments
from dot patterns containing wide distributions of di-
rection (Watamaniuk, Sekuler, & Williams, 1989; Wil-
liams & Sekuler, 1984), and the large integration areas
and times for motion coherence thresholds (Downing &
Movshon, 1989), support this view. We have also pre-
sented arguments in discussion of Experiments 1B, 3
and 4 that the interactions seen in these displays imply
global-level representations. Both lines of evidence
support the idea that our subjects use global rather than
local information to make the judgments required in our
experiments. The global nature of the interactions sug-
gests that transparency is represented at a secondary
stage in visual motion analysis, but not at the most local
level of analysis, consistent with the abolition of trans-
parency when dots are paired and travel over a small
spatial extent (Braddick & Qian, 2000; Qian et al.,
1994a,b; Wishart & Braddick, 1997).
We have not demonstrated (D), nor to our knowledge
has any other study. It is an interesting challenge to
consider what psychophysical measure of motion pro-
cessing might establish whether the spatial scope of a
representation was the global region of the ﬁeld that
supported it, rather that a set of local points within that
region. Until this is done, it must remain open whether
the experience of transparency is in fact based on
representations that have all the properties (A)–(D).
However, we would argue that we have established a
performance measure that captures the other informa-
tional correlates of transparency, and can serve as a
probe for the presence of such correlates in the case of
motions with the same spatial region.
In summary, the evidence points to transparency
as being based on global representations of motion, and
to joint directional discrimination as a performance
based on these global representations, which can help to
establish the conditions under which they are estab-
lished.
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